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A wind-tunnel investigation has been conducted to determtie the down- 
wash angles in a transverse plane behind the wings of six wing-body com- 
binations at a Mach number of 0.25. A triangular wing having an aspect 
ratio of 2.0 and a trapezoidal wing having sn aspect ratio of 3.0 were 
tested in combination with three geometrically similar slender bodies of 
revolution. For each wing, the ratios of maximum body diameter to wing 
span were 0.196, 0.259, and 0.343. A range of angles of attack from O" 
to 20° was covered at angles of wing incidence ranging from O" to loo 
for each wing-body combination. 

The measured downwash angles at small angles of attack and at a wing' 
incidence of O" sre compared with those predicted by a numerical method 
in which no account was taken of the distortion or roll-up of the vortex ' 
sheet. 

INlBODUCTION 

In a previous expertiental investigation, a study was made of the 
mutual interactfon of the wing and the body on the aerodynsmic forces and 
moments for several ting-body combinations having variable-incidence wings. 
As part of a general study of these wing-body combinations employing low- 
aspect-ratfo wings and relatively large bodies, the present investigation 
was undertaken to measure the downwash in a plane behind six wing-body 
combinations reported upon in references 1 and 2. This downwash survey 
was made throughout sn angle-of-attack range from O" to 20° with the wings 
at angles of incidence ranging from O" to loo. 
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A limited theoretical analysis involving a numerfcal solution for an * 
array of discrete ltie vort;lces is also pre.sented for small angles of 
attack at a wing incidence of O". In this analysis, which is similar to x 
that used in reference 3, the displacement and roll-up of the vortex sheet 
were not taken into account because of insufficient knowledge of the span 
loading and flow separation from the wings at the high angles of attack. 
The authors wish to actiowledge the helpful suggestions and assistance of 
Mr. Stewart M. Crandall of Ames Aeronautical Laboratory in making the 
numerical calculations. 
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%Nmax 
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free-stream dynamic pressure 

distance along the body axis from the nose of the body 

lateral distance.from the vertical plane of symmetry 

lateral distance in wing semispans from the vertical plane of 
symmetry 

distance in wWg semispans perpendicular to the plane of the 
wing (iw = O") 

body angle of attack 

angle of attack above which the normal force on the exposed 
wing panel first begins to decrease with an increase in angle 
of attack (See sketch in *'RESULTS AND DISCUSSION" section.) 

angle of downwash Fn the plane of the survey rake 

angle of yaw 

Three geometrically similar bodies were combined alternately with a 
wing having a triangular plan form and with a wing having a trapezoidal 
plan form. The bodies sre shown with their equation in figure l(a) and 
sre described in reference 1. Each wing had the same span which resulted 
in ratios of maximum body diameter to wing span of 0.196, 0.259, and 0.343. 
The wings were mounted on the bodies Fn the positions shown in figure 1. 
The angle of wing ticidence was varied by rotating the wing panels about 
a lateral axis which passed through the mid-potit of the wing root chord. 

The triangular wing had an aspect ratio of 2.0, a taper ratio of 0, 
and a leading-edge sweepback of 63.430. This wing had an NASA 0005 sec- 
tion (modified as shown in fig. l(b)) in vertical planes parallel to the 
wing root chord. The trapezoidal wing had an aspect rat10 of 3.0, a 
taper ratio of 0.4, and a leading-edge sweepback of 23.170. This wing 
had a hexagonal section*&.5-percent-chord thick with rounded ridge lines 
as shown in figure l(c). 

Downwash measurements were made by means of the rake of transverse 
tubes which was attached to and moved with the body (see figs. 2 and 3). 
It was mounted in a plane normal to the body axis at the position shown 
in figure 1. The tubes of the rake were made of highly polished stainless 
steel (@+-inch outside diameter, l/16-inch wall). The bottom tube was 
not used because of its proximity to the wind-tunnel floor at the high 
sngles of attack. 

. 
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Tests were conducted jn one-of-the Ames 7- by lo-foot wind tunnels 
at a dynamic pressure of 90 pounds per square foot. The Mach number was 
approximately 0.25 and the Reynolds numbers (based on the mean aerodynamic 
chords) were approximately 4 and 2 millLon for the triangular and trape- 
zoidal wings, respectively. Measurements were made of the downwash fields 
of all the wing-body combinations for each angle of wing incidence (O", 
20, 40, 60, 80, and 10') through an angle-of-attack range from 0' to 20*. 

E 

The survey rake was calibrated in the wind tunnel at a dynamic pres- 
sure of 90 pounds per square foot through a wide range of downwash angies. 
A preliminary calibration of a repreeentative single-tube rake indicated 
that the downwash-angle calibrations would be influenced less than 1 per- 
cent by yawed flow (9 
to 90 lb/sq ft). 

= 0' to 60') or by dynamic-preaaure changes (q = 30 

CORRECTIONS AND ACCURACY 

Corrections for the effects of the wind.-tunnel walls were applied to 
the angles of attack-by the method of reference 4. These corrections -tie 

? 

as follows: .L 
. 

a = a, + 0.77 Ch (triangular wing) 

a = a~ + 0.38 ch (trapezoidal wing) 

where the subscript u denotes the uncorrected values. Values of C!h 
were obtained from the experimental data Ln references l-and 2. At a 
given uncorrected angle of attack, the same..Corrections were assumed and 
applied to each angle of downwash as were applied to the.sngle of attack. 
This procedure approximately corrects each angle,of downwash for the 
influence of the wind-tunnel walla on the traiIlng.-vortices, but neglects 
the correction for the influence of the wind-t&rieXwalls on the bound 
vortex. It was estimated from reference 5 t&t the- correctfon for the 
bound vortex would increase the downyash-curve slope, de/&, by only 0.015. 
It was also estimated that addltional corrections to the-angle8 of down- 
wash for the s.urvey.positfons being off the center line of the wind tunnel 
would increase the above correction by not over lO.perceiit. 

To indicate .the accuracy of the measurements of the downwash made by 
the transverse-tube rake, a limited survey wae made WltE a conventional 
stigle-tube directional pitot. Measurements were made at the same sta- 
tions aa those by the transverse-tube rake behind the wing-b&y combing- 
tSon having the trapezoidal wing and a maximum body diameter-to-span ratio 
of 0.196. Agreement between the downwash slopes, de/da, for the two sets 
of data was within the experimental accuracy. 
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RESULTS AmD DISCUSSION 
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Downwash angles are presented. as' a function of angle of attack at 
given distances normalto the wing plane (iw = 0') for each wing-body 
combination at a constant angle of wing incidence. For the combinations 
having the trapezoidal wing the angle-of-attack range covered, O" to 20°, 
is beyond the angle of attack- qNmax as shown in the sketch. The values 

Of acN,ax frm reference 1 are presented in 
t --- 

figure 4 for the three wing-body combinations 
having the trapezoidal ting. As indicated in 
reference 2, the combinations having the trian- 
gular wing reached their maximum normal-force 
coefficients at angles of attack above 20'. The 
downwash results are presented. for all the wing- CN 

body combinations in figures 5 to 10. An index to 
the downwash data is presented in table I. 

At low angles of attack for a WFng inci- 00 a 2o" 
dence of O", the values of de/d.a were gener- 
ally smaller below the plane of the wing than at corresponding distances 
above this plane for all the wing-body combinations (e.g., figs. 5(a) and 
8(a) 1. This result may be attributed primsrily to the vertical displace- 
ment of the trailing vortex sheet. At higher angles of .attack the change 
in sign of de/da at 0.12 snd 0.35 tin@; semispans above the wing plane 
iindicates an inward lateral movement of the concentrated vortex regions. 
Furthermore, as the angle of attack increased, the sign change in de/da 
occurred progressively closer to the vertical plane of symmetry for both 
tings (e.g., figs. 5(a) and 8(a)). The approxfmate distance behind the 
trailing edge of the wing for the roll-up process ta be complete is given 
in reference 6 for an elliptic span loading as 0.56 A/C& semispans, 
where A ie the aspect ratio. F%om this expression it csn be estimated 
that for a given angle of attack the trailing vortex sheets from the trL- 
angular and from the trapezoidal wings of this tivestigation should roll 
up at approximately the same rate since the spans and ratios of aspect 
ratio to lift coefficient are approximately the same for both wings.1 
However, the distance from the survey plane to the trailing edge of the 
trapezoidal Wang was about twice that for the triangular ting. At the 
survey plane the roll-up process should be more complete, therefore, for 
the trapezoidal wing than for the triangular wing. This prediction is 
substantiatedUby experiment as shown by comparing figure 5(a) with fig- 
ure 8(a) at 0.12 semispans above the w%ng plsne. The sign change In de/da 
occurs at lower angles of attack and for a given angle of attack closer to 
the body for the izapezoidal wing then for the triangular wing. 

IFor example, with the smallest diameter-to-span ratio of 0.196, the 
results of references 1 and 2 indicate that the ratios of aspect ratio to 
lift-curve slope sre 50 and 48 for the combinations having triangular and 
trapezoidal wings, respectively. 
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The values of de/da were predicted for each wing-body combination L 
with an angle of wing incidence .of-Oo. No Sttemptwas m&e to calculate 
de/da at high angles of attack because of the flow separation at the tips 
of the wings tested. Thfs flow separation would, of course, affect the i 

spanwise distribution of the load and the circulation. With the calcula- 
tions restricted to small angles of attack, it was not necessary to include 
the effects of.roU-up or distortion of the vortex sheet in the calcula- 
tions. The values of de/da were calculated herein by a numerical method 
stmilar to that presented in reference 3 in which an array of doubly infi- 
nite line vortices, extending from plus to minus infinity, replaced each 
wing-body combination. This method was shown to give reliable results in 
reference 3. An analytical solution, based on the slender-body considera- 
tions of reference 7, was checked at several survey positions and was 
found to give, in general, downwash-curve slopes slightly higher than - 
those presented. With the downwash from slender-body theory corrected for 
more accurate values of lift-curve slope, the values of -de/da from 
slender-body theory would have been in close agreement with those from the 
numerical solution. In the vortex system used, the wing was replaced by 
20 line vortices of equal strength (10 on each side-of the body between 
the body surface and the wing tip), and the body was repla.ced by image .- 

vortices of each of the wing vortices. The lateral spacing of the wfng !? 
vortices was governed by the elliptical distribution of load which was 
assumed on the exposed wing panels. An elliptic span load distribution 
very closely approximates the theoretical loading for each wing-body com- II 
bin&ion. (See fig. 6 of ref. 1.) The procedure followed in spacing 
these wing vortices was the ssme as that presented in reference 3. At a 
given angle of attack, the strengths of these wing vortices were derived 
from the predicted values of the normal force for the wings in the presence 
of the bodies as given in references 1 and 2. The vortices within the 
bodies were of such strengths and were so positioned that the boundary 
condition of no flow through a cylindrical body was satisfied. All the 
vortices were assumed to remain in the plane of the wing at 8 given small 
angle of attack. The equations which were used in the calculations are 
given in Appendix A. 

The predicted results sre presented for each survey position for the 
wing-body combinations having the triangular wing in figures 5(a), 6(a), 
and 7(a) and for the wing-body combinations having the trapezofdal wing 
in figures 8(a), g(a), and 10(a). Except for the survey positions in the 
wing plane and close to the body, the theory generally gives a good esti- 
mate of de/da at small angles of attack. In the wing plane the experi- 
mental values of de/da differ markedly from the theoretical values, 
probably because of the fnfluence of tin@; wake (e.g., figs. 5(a) and 8(a)). 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, Calif., Jan. 7, 1955 

h 

I 
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APPENDIXA 

7 

The procedure used In predicting the downwash angles presented herein 
was similar to that. of reference 3 and is as follows: 

1. The downwash contributed by the wing, w,, was computed from an 
array of doubly infinite ltie vortices (10 on each side of the body) whfch 
replaced the wing. These vortices were in the extended wing-chord plane 
since no roll-up of the vortex sheet was assumed. Thewingdownwash 
velocities were computed fram the Biot-Savart equation as: 

where the maximum value of circulation Pmax can be written in terms of 
the lift coefficient and angle of attack as 

r 

1 Pmax = (~)b&d(cLJ a (M 

Substituting equation (A2) in (a) for rmax and solving for dew/da 

which is assumed to be d(ww/Vo) 
da 

(A31 

where 

r1- J 2 = blj - Qj2 + 7f2 

and 

b 

%I 

wing span 

incremental change in circulation assumed positive for vortices 
rotating counterclockwise (the distribution of circulation 
was assumed to be elliptical) 
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lateral distance In semispans from body axis to station i 

lateral distance in semispans from body axis to the vortex 
Mne j 

Yi normal distance in semispans from the extended wing-chord plane 
to the s&ion i 

VO free-stream velocity 

C&V average chord of the exposed wing panel 

theoretical lift-curve slope for the exposed wing panels from 
references 1 and 2 

2. In order to satisfy the boundary conditions that there be no flow 
through the body surface, it was necesssry to place image vortices of each 
of the wing line vortices within the assumed cylindrical body. These 
image vortices were located in the extended wing-chord plane at lateral 
distances qj' by the expression 

qj’ =R2 
73 

% 

- 

(A4) 
II 

where 

R body radius in semfspans 

lateral distance in semispans from body axis to the image vortex 
line j 

-. 

The values of dci/da contributed by these image vortices were computed 
as: 

where 

(rij'12 = (Vj' - ?112 + 712 

(A51 

- ..-a 

39 In addition- to the downwash produced by the wing line vortices 
and by the images of these vortices, vertical velocities were induced by 
the body since the body was at an angle of attack. These induced veloc- 
ities were accounted for by replacing the bcxdy by a doublet and by 

c 
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considering only the ccmponent of the free-stream velocfty perpendicular 
to the body axIs. The expression for computing dEb/& induced by the 
body is given in rectangular coordinates In Appendix A of reference 1 as 

dEb 
aa= 

R2 7i2 - 'li2 
(712 + 1 lli212 

ba 

4. The value of dc/dcz at each station was computed as the sum of 
the components given in equations (A3), (A5), and (A6) above as 

dc ckw -+s+ deb -= 
dadudada (A7) 

E 

t 
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TABIZ I.- DOWNWX3EFIGUREINDEX 

iw, d Aspect Fig. 
deg .6 ratio no. 

o 0.196 2.0 

z 

i 8(e) 
10 V V 8(f) 

0 .259 2.0 

fw, 1 d 
deg g 

0 0.1g6 

z 

86 
10 I 

0 l 259 

c 
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2 
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hf3pec-k 
ratio 

30 
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I 
3.0 
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(a) Rake locations and model plan forma. 

- 

Figure l.- Dimensional data for the wing-body combinations. 
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(b) Profile of triangular wing. 

Symmetrica/ about the & 7 
tided ridge lines 

(c) Profile of trapezoidal tin@;. 

Figure l.- Concluded. 



(a) Triangular wing. 

Figure 2.- Wing-body combinations with survey rake in one of the Ames 7- 
by lo-foot wind tunnels. 
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(b) Trapezoidal tig. 

Figure 2.- Concluded. 
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Figure 3.- Dimensional sketch of survey rake. 
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I I I I I I 
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0 2 4 6 8 IO 
Wmg incidence, iw, ckg 

Figure 4.- Effect of wing-incidence change on acNrnax for the wing-body 

combination having the trapezoIda wing. 

- 
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Awle d offur&, a, &g 

(a) iw=Oo 

gure 5.- Downwash in a pl&e 1.14E behind the O# 
gular wing of the wing-b&y combination hating 
diameter to wing span of 0.196. 

.25E line of the trfan- 
a ratio of maximum body 
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Figure 5.- Continued. 
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(c) f, = 4O 

Qure 5.- Continued. 
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0 4 8 12 1620 
Angie d oft&d. a. akg 

(d) i, = 6O 

Figure 5.- Continued. 
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048P.4520 
Afqie of offcek, a. deg 

(e) iw = 8O 

'fgure 5.- Continued. 
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04i@znrn 

Angle of attack. a, d.?g 

(f) ilq=lOO 

Figure 5.- Concluded. 
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0 4 8 P h720048Pe620 

(a) iw=O" 

Figure 6.- Dounwash in a plase 1.14E behind the O.25E line of the trian- 
gulsr wing of the wing-body combination having a ratio of msximuq body 
diameter to wing span of 0.259. _ 
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048Ph520 
W M affmk, a. rkg 

(b) iw = 2O 

Figure 6.- Continued. 
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Ang/e d ottcck, a, o&g 

(c) iw = 40 

tgure 6.- Continued. 

c 
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048P1620 
A@ d atfuck, a. o&g 

(d) iw = 6O 

Figure 6.- Continued. 
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048&?h720 048Pt52W 
m af affmk, a. d@ 

(e) iw = 8O 

Figure 6.- Continued. 
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0 4. .8 M 16 20 

hgte of uttmk. a, deg 

(f) iw = loo 

-. 

Figure 6.- Concluded. 
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0 4'8 12 Rs 20 048PA620 

Figure 7.- Downwash in a plane 1.1&E behind the 0.23 331~ of the trian- 
gular wing of the ting-body combination hating a ratio of maxbuum body 
diameter to nfng span of 0.343. 
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Angle d attuck, a, deg 

(b) iw = 2O 

Figure 7.- Continued. 
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0 4 8 rG? 16 20 
Any/e d offmk. cc, deg 

(c) iv=40 

Figure 7.- Continued. 
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0 4 8 12 
Angie of ottock. a, oi?g 

(d) i, = 6’ 

Figure 7.- Continued. 
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048i2kT20 
A&e af oftmk, a. a&g 

(e) 1, = 8O 

Figure 7.- Continued. 
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0 4 -8 P 
AnpIe d attack, a. deg 

(f) iw = loo 

Figure 7.- Concluded.. 
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0 4 8 0 4 8 12 i6 20 0 4 8 12 i6 20 
Ang/e of uttuck. a, deg 

(a) iw=O" 

Figure 8.- Downwash in a plane 2.3lc' behind the O.aE lFne of the trape- 
zoidal wing of the wing-body combination having a ratio of maximum body 
diameter to wing a-pan of 0.196. 

. 
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'igure 8.- Continued. 
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0 4 048PA520 048LZ.4?20 
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(c) i, =‘4O 

Ffgure 8.- Contfnued. 
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At&? d ottmk, a. t&g 

(d) iw = 6O 

Figure 8.- Contimed. 
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-+O 4 812 15.37 

(e) i, = 8O 

Figure.8.- Continued. 
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(f) iw = loo 

a - - - 
4 8 P 

Figure 8. - Concluded. 
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0 4 812 k520048Ph520 
Am-i? af al/aaf. a. &g 

(a) fw=OO 

Figure 9.- Downwash in a plane 2.3lc' behfna the O.25c' line of the trape- 
zoidal wing of the wing-body combination having a ratio of maximum body 
diameter to wing span of 0.259. s 
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(b) iw = 2O 

Figure 9.- Continued. 
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0481211520 u - 4 8 P S -- 

Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 9.- Concluded. 
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Figure IO.- Downwash in a plane 2.31E behind the 0.255 line of the trape- 
zoidal wing of the wing-body combination hating a ratio of maximum body 
diameter to wing span of 0.343. 
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Figure lo.- Continued. 
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gure lO.- Continued. 
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Figure LO.- Continued. 
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Figure LO.- Continued. 
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Figure lo.- Concluded. 
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